Background: We have previously demonstrated that therapy with orally administered Lglutamine improves nicotinamide adenosine dinucleotide (NAD) redox potential of sickle red blood cells (RBC). On further analysis of L-glutamine therapy for sickle cell anemia patients, the effect of L-glutamine on adhesion of sickle RBC to human umbilical vein endothelial cells (HUVEC) was examined.
Background
Sickle cell disease is a devastating hereditary disorder with excruciating morbidities often resulting in the premature demise of the patients. This disease affects primarily those of African descent, although other ethnic groups such as the Hispanic population on American continents are also affected with relatively high incidence [1] [2] [3] .
Incapacitating complications of sickle cell disease are usually due to severe anemia and frequent vasoocclusive processes which damage tissues [1] [2] [3] [4] [5] [6] . The cause of these events is attributed largely to increased adherence of sickle red blood cells to vascular endothelium [4, 7, 8] . With alteration in adherence to endothelial cells, sickle RBC will have a longer transit time through capillaries which leads to vasoocclusion with accumulation of less deformable deoxygenated sickle RBC [7] [8] [9] . Thus, amelioration of pathologic RBC adherence is considered to be an important target in therapy of sickle cell disease.
In the current article, the effect of L-glutamine therapy on sickle RBC adherence to HUVEC cells is presented. Lglutamine is a precursor to NAD [10, 11] . Previous studies have shown that oral L-glutamine therapy improves NAD redox potential of sickle RBC [10] . Also, among those patients treated with L-glutamine, there were subjective reports of improvement in clinical paramenters such as chronic pain and energy level [10] .
The study presented here was conducted in an attempt to better understand mechanism by which L-glutamine may potentially exert a beneficial effect on sickle RBC. In the cohort that we have studied, oral L-glutamine therapy consistently led to reduced adhesion of sickle RBC to HUVEC in static assays with both cross-sectional and longitudinal studies.
Methods
Cross-sectional study Reagents LPS (lipopolysaccharide) preparation (Escherichia coli 0111:B4), Hanks' buffered saline solution, bovine serum albumin (BSA), HEPES buffer and all other chemicals were from Sigma Chemicals Co (St Louis, MO). Six-wells tissue culture plates and Falcon Primaria tissue culture flasks were from Fisher scientific (Pittsburgh, PA). Sodium-51 Chromate ( 51 Cr) and Aquasol scintillation fluid were obtained from NEN (Dupont NEN, Wilmington, DE).
Cell cultures HUVEC were harvested from umbilical cord veins by collagenase digestion, as previously described [12] . Endothelial cells were identified by their cobblestone morphology, immunofluorescence staining with factor VIII-related antigen and uptake of diacetylated low-density lipoprotein (Biomedical Technologies, Stoughton, MA). Cells were passaged by trypsinization with 1% trypsin-EDTA (GIBCO BRL, Grand Island, NY) every 4-5 days. HUVEC were used from passages 2 to 6.
Patients, control and blood samples
Blood samples were drawn from homozygous sickle cell patients living in the Los Angeles area or from volunteer control subjects after obtaining informed consent as approved by the Harbor-UCLA Committee on Human Research. All subjects were in steady state condition without acute conditions including painful crisis. Nine adult sickle cell anemia patients 18 years and older participated. The treatment group consisted of 5 patients (mean age of 38.8 ± 7.8 with range of 30 to 47) who had been on Lglutamine therapy continuously for 8 weeks or longer at the dosage of 30 grams orally per day. The sickle cell control group consisted of 4 patients (mean age of 29.3 ± 9.0 with range of 20 to 37) who had not been on L-glutamine or any other anti-sickling therapy for at least a year. One of the patients in the non-treatment group participated at two separate time points as sickle cell control. Normal control samples were drawn from healthy volunteers. 51 Cr labeling of RBC Five to 7 ml of heparinized blood from normal donors and sickle cell subjects were centrifuged at 450 × g for 20 min and plasma was saved in a refrigerator and the buffy coat (leukocytes and platelets) was discarded. The pellet was washed three times in Hanks' buffered saline solution with centrifugation at 450 × g for 5 minutes and then RBC were suspended to 20% hematocrit in 5 ml HBSS (Hanks' buffered saline solution). RBC in HBSS were incubated with 10 µCi/ml 51 Cr for 1 hr at 37°C with 5% CO 2 .
Static assay for the adherence of RBC to cultured HUVEC 51 Cr-sodium chromate-labeled RBC were washed three times with 10 vol of HBSS and used at a hematocrit of 2% in HBSS. HUVEC grown to confluence in 6-well plates were washed twice with HBSS (3 ml) followed by the addition of 51 Cr-labeled RBC (hct 2%) and HBSS to a final volume of 1 ml. Five percent autologous platelet-free plasma (3 wells) or 100 ng/ml of LPS (3 wells) was added and the contents were incubated for 45 minutes at 37°C with 5% CO 2 . Nonadherent RBC were removed by aspiration and monolayers were washed three times with 1 mL of HBSS containing 0.5% BSA.200 ul lysis buffer was added to each well and lysis solution was transferred to scintillation vial. 5 µl RBC was added to 200 µl lysis buffer and the solution was used as the baseline value. Two µl of scintillation solution were added to each vial and the radioactivity in the cell monolayer-containing adherent RBC was determined and the percentage of RBC adherent was calculated [8, 13] .
Statistical analysis
The ratio of percent adhesion of patient samples to that of normal control was obtained for each sample. The statistical significance of difference of the ratio between the treatment groups was determined using t-test.
Longitudinal study
Reagents Bovine serum albumin, Hanks' buffered saline solution, calcium/magnesium-free phosphate-buffered saline, electron microscopic grade glutaraldehyde, and HEPES buffer were from Sigma Chemicals Co (St Louis, MO). Human umbilical vein endothelial cells, subculture reagent package (Trypsin EDTA, HEPES Buffered Saline Solution, Trypsin Neutralizing Solution) and endothelial cell growth medium (EGM) including all supplements and growth factors were from Clonetics Corp (San Diego, CA). Two-chambered culture slides, Falcon Primaria tissue culture flasks were from Fisher Scientific (Pittsburgh, PA).
Cell culture
Cells were grown at 37°C in 5% CO 2 /95% air in EGM at 85% confluence; the cells were subcultured to 2 chambered slides. The second to the fourth passages were used for adherence assays no later than 24 hours after HUVEC had reached confluence.
Patients, control and blood samples
Blood samples were drawn from homozygous sickle cell patients of the Harbor-UCLA Medical Center or from volunteer control subjects after obtaining informed consent as approved by the Harbor-UCLA Committee on Human Research. All subjects were in steady state condition, none had received blood transfusions within 4 months, and none had history of treatment with hydroxyurea. Six adult sickle cell anemia patients 18 years of age and older participated. Five patients (mean age 40.0 ± 16.4 with range of 19 to 57) were treated for 4 to 8 weeks with oral Lglutamine at dosage of 30 grams a day. One patient (49 years old) who served as sickle cell control had no treatment. The whole blood samples were drawn at baseline which was within 4 weeks of initiation of therapy and then after 4 to 8 weeks of therapy with L-glutamine for the 5 patients. The blood samples of untreated sickle cell control patient were drawn along with the treatment patients at baseline and then 8 weeks later. For each assay, normal control blood was also drawn from normal volunteers.
Gravity adherence assays
This method of assaying static adherence of RBC to HUVEC monolayers was adapted from a published method [14] . Heparinized blood from normal donors and sickle cell subjects was centrifuged at 5000 × g for 5 minutes and plasma was saved in the refrigerator and buffy coat (leukocyte and platelets) was discarded. RBC were washed three times in Hanks' buffered saline solution, centrifuged at 1000 × g for 5 minutes. RBC were then centrifuged at 5000 × g and suspended to 3.5% hematocrit in HAH buffer (Hanks' buffered saline solution, 1% BSA, 50 mmol/L HEPES pH 7.4) containing 17% autologous platelet-free plasma from the heparinized blood sample. Confluent HUVEC monolayers were washed with HAH buffer to remove traces of plasma. After washing with HAH buffer, each well was filled with 0.8 ml HAH and one well was treated with LPS (200 ng/ml) and incubated at 37 C, 5%CO2, 95% humidity for 1 hr. After treating cells with LPS for 1 hr, the monolayers were covered with sickle cell (SS) RBC suspensions and incubated at 37°C for 25 minutes. The wells were then filled completely with HAH, sealed with packing tape, and inverted at 37°C for 20 minutes. While still inverted, the well walls and gaskets of the slide chambers were removed. The slides were rinsed twice with HAH buffer to remove nonadherent RBC, fixed in 3% glutaraldehyde, stained, and mounted. RBC adherence was monitored visually by microscopy at 100× magnification and quantified by counting RBC adherent to HUVEC monolayers in 16 fields marked by a grid (same random fields for each sample). The mean adherence and standard error of mean (SEM) for each sample were calculated and results were used to determine the reported means from at least four experiments, only when the SEM of each sample was less than 20% of the means. Results were analyzed by the Student's t-test, with which p < 0.05 was considered significant.
Statistical analysis
The ratio of mean endothelial adhesion RBC of patient samples to that of normal control was obtained for each sample. The statistical significance of difference of the ratio between the baseline and after treatment was determined using paired t-test.
Results

Cross-sectional study
The mean ratios with assays using autologous plasma and LPS incubated cells were 0.97 ± 0.45 and 1.39 ± 0.33, respectively for the L-glutamine treated group (N = 5). For the untreated group the mean ratios were 1.91 ± 0.53 and 2.80 ± 0.47 for autologous plasma and LPS incubated cells respectively (N = 4 with one of the patients studied twice at two time points) The decreased adhesion to endothelial cells by the L-glutamine treated group were statistically significant in both assays with autologous plasma incubated cells (p < 0.02) and LPS incubated cells (p < 0.001) (Figures 1 and 2) . The endothelial adhesion of RBC from non-treated sickle cell patients were as expected and several fold higher than that of normal control. On the other hand, the results of the treatment group were consistently similar to that of the normal control, thus resulting in ratio of close to 1 for both assays using LPS or autologous plasma only. Because of the relatively small size of cohorts, there was a trend for age difference in the ages of the two groups, mean age of 38.8 ± 7.8 with range of 30 to 47 for the treatment group and 29.3 ± 9.0 with range of 20 to 37 for the non-treatment group. However, there was no statistical significance with p > 0.1.
Longitudinal study
In contrast to the cross-sectional study, for this portion of experiment, each patient became his/her own reference and provided baseline value. The results were consistent with the data of cross-sectional study noted above. Compared to the baseline value, the endothelial adhesion of sickle RBC decreased in each patient (N = 5) within 4 to 8 weeks of oral L-glutamine therapy. The mean decrease was 1.13 ± 0.21 with p < 0.001. For the patient who participated as sickle cell control, the sickle RBC adhesion to endothelial cells increased slightly compared to the baseline (Figure 3 ).
Discussion
The vaso-occlusive process is mediated primarily by congestion and closure of the microvasculature with rigid sickle RBC [4, 8, 15] . It is well described that the oxygenated sickle RBC is relatively deformable but it starts to become less so upon unloading of oxygen molecules to tissue [16] . The duration of time required for sickle RBC to become less deformable is thought to be more than the usual capillary transit time for RBC [7, 9] . Therefore, had it not been for the prolonged capillary transit time, the sickle RBC would have already exited the microvascular system Ratios of HUVEC adhesion rates of sickle RBC to those of normal RBC for the treatment group (0.97 ± 0.45) and nontreatment group (1.91 ± 0.53) when the cells were incubated with autologous plasma alone Ratios of HUVEC adhesion rates of sickle RBC to those of normal RBC before and after treatment for the five sickle cell anemia patients with one sickle cell anemia control patient who was not treated Figure 3 Ratios of HUVEC adhesion rates of sickle RBC to those of normal RBC before and after treatment for the five sickle cell anemia patients with one sickle cell anemia control patient who was not treated. Mean decrease of the adhesion ratios was 1.13 ± 0.21 with p < 0.001 for the five treated patients, whereas the control patient actually had slight increase in the adhesion ratio over the same period. Pre-treatment Post-treatment
Endothelial adhesion ratio (SS control)
before it becomes less deformable and trapped in the microvasculature. Thus, factors that affect the capillary transit time become crucial in initiation and propagation of vaso-occlusive event.
When Hebbel and colleagues first reported an increase in endothelial adhesion of sickle RBC two decades ago, one of the major factors involved in the pathophysiology of vasoocclusion started to unfold [8] . Since then, several endothelial adhesion molecules which are abnormally expressed in both RBC and endothelial cells of sickle cell disease patients have been described [7, 14, 17, 18] . Also, involvement of leukocytes, platelets and inflammation in general with endothelial adhesion has been described [4, 19, 20] .
In the study presented in this article, endothelial adhesion of sickle RBC was used as the primary end point to evaluate the efficacy of L-glutamine therapy. Although clinical outcome measurements, such as the incidence of sickle cell crises or mortality rate cannot be replaced for endothelial adhesion of sickle RBC, it may be a reasonable surrogate in predicting clinical efficacy of an experimental therapeutic modality.
A role for L-glutamine in sickle cell disease was conceived when Zerez and colleagues looked closely into the redox process in sickle RBC focusing on NAD which is a potent antioxidant [21] . L-glutamine is a precursor for NAD. In sickle RBC, NAD metabolism is altered favoring an increase in the synthesis of NAD but with decreased NAD redox potential [21] As NAD is a major antioxidant molecule in RBC, the phenomenon of increased synthesis for NAD with decreased NAD redox potential was interpreted as a compensatory mechanism of sickle RBC in the presence of increased oxidant stress [21] . The presence of increased oxidant stress and oxidant susceptibility of sickle cell has been described independently by numerous investigators [20, [22] [23] [24] [25] . Additional studies suggested that supplementation with the precursor of NAD, L-glutamine, may further enhance the NAD redox system [26] .
With 30 grams of L-glutamine supplementation, there was improvement in NAD redox potential in 7 out of 7 patients. In addition, there were consistent reports of improved general clinical condition in such areas as energy level and chronic pain levels [10] . Furthermore, a short observation period of approximately 3 months suggested a decrease in the incidence of vaso-occlusive painful crises among those patients.
On the basis of these results, we proceeded to study the effect of L-glutamine therapy on endothelial adhesion of sickle RBC. As noted in the data presented here, in both cross-sectional and longitudinal studies, there is an indication that L-glutamine therapy improves the endothelial adhesion of sickle RBC.
In the cross-sectional study, patients who were already on the L-glutamine therapy were compared to those who have never been treated with L-glutamine. The adhesion in the untreated group was elevated as expected, which was consistent with previously published reports. On the other hand, the adhesion for the treatment group was very similar to those of normal control.
To confirm the cross-sectional data, the prospective study was conducted on 5 sickle cell anemia patients who were treated for 4 to 8 weeks. The results were consistent among each patient studied. With the therapy, each patient had significant improvement in endothelial adhesion while there was no improvement in the control patient who was not treated. The stimulants for endothelial cells were taken from the methods used in the previous studies by Kalra and collegues [13] . Their method is well established for static assay and based on their data, we felt their methods were applicable in our project. Adhesion assay for the cross-sectional study and longitudinal studies were conducted at two separate institutions but using same agents to stimulate the endothelial cells. The purpose of utilizing two expert sites for two parts of study was to improve objectivity by demonstrating that consistent data can be obtained even when assays were conducted by unbiased experts at multiple independent sites.
In the studies, we could not verify the increase in RBC survival duration as neither reticulocyte counts nor hemoglobin levels were not changed significantly. However, improvement in endothelial adhesion does not have to automatically result in increase in RBC survival. As these patients are asplenic, irreversibly sickled RBC are not rapidly removed and they will contribute to hemoglobin and hematocrit levels. Also, it is possible that with larger study with longer duration, there may be a change in these parameters with statistical significance. In general morphology of RBC appeared to have improved [see additional file 1 and 2].
Adhesion was assessed using a static endothelium-RBC adhesion system rather than a dynamic assay under conditions of flow over time. The decision to use the static assay was based on previous reports including that of the seminal article by Hebbel and colleagues [8, 12, 27] . In addition, as noted by Setty and others, the static assay may better simulate the interaction of sickle RBC and endothelium where microvessel flow may be slow and intermittent [27] [28] [29] . Obviously, there are also data suggesting that the dynamic endothelium-RBC adhesion system may better represent the in vivo activity. Such data favoring flow based assay may be found in the studies by Libowsky and colleagues, demonstrating with intravital microscopy that sickle RBC that became adherent during stasis created by a pressure cuff, dislodged when the cuff was removed and the flow resumed [30, 31] . It is doubtful that there is an in vitro system that will perfectly represent the in vivo process. Rather, it is likely that both static and dynamic assays have roles in the investigation of sickle cell pathophysiology.
At present, the exact mechanism by which L-glutamine effectively decreases the endothelial adhesion of sickle RBC is not clear. However, there is evidence suggesting that one of the ways L-glutamine may benefit sickle RBC is by improvement of NAD redox potential [10] . This may prevent oxidant damage to RBC which may result in stimulation of inflammation and expression of adhesion molecules. In addition, L-glutamine may provide much needed energy and building material to maintain the integrity of sickle RBC. It has been reported that sickle cell children require increased amino acid consumption, especially glutamine [32] .
Conclusion
L-glutamine is an inexpensive compound widely consumed as part of a normal diet or as a dietary supplement. There is essentially no major adverse effect when used as an oral agent both in a research setting and non-research setting [33] [34] [35] [36] . The data gathered so far including the ones presented in this article suggest that there is a physiological basis for the potential clinical benefit of Lglutamine in management of sickle cell disease patients. 
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